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Highly light scattering structures have been generated in a poly(ethylene terephthalate) (PET) ﬁlm using a CO2 laser. The haze, and
in some cases the transparency, of the PET ﬁlms have been improved by varying the processing parameters of the laser (namely,
scanning velocity, laser output power, and spacing between processed tracks). When compared with the unprocessed PET, the
haze has improved from an average value of 3.26% to a peak of 55.42%, which equates to an absolute improvement of 52.16% or
a 17-fold increase. In addition to the optical properties, the surfaces have been characterised using optical microscopy and
mapped with an optical proﬁlometer. Key surface parameters that equate to the amount and structure of surface roughness and
features have been analysed. The CO2 laser generates microstructures at high speed, without aﬀecting the bulk properties of the
material, and is inherently a chemical-free process making it particularly applicable for use in industry, ﬁtting well with the
high-throughput, roll to roll processes associated with the production of ﬂexible organic photovoltaic devices.
1. Introduction
The photovoltaic (PV) industry is both incredibly valuable
and growing rapidly. In 2017, more capacity was added from
solar PV than any other technology and can be considered
amongst the leading contenders for replacing fossil fuels as
the major provider of energy worldwide [1]. Traditional
ﬁrst-generation solar cells have reached eﬃciencies of
26.7%, very close to the theoretical maximum of ~33%
[2, 3]. Thin-ﬁlm PV, also known as second-generation
PV, has closed the gap signiﬁcantly in recent years. The
two dominant technologies are cadmium telluride (CdTe)
and copper indium gallium diselenide (CIGS) which have
veriﬁed records of 21.0% (with the standard active area of
≥1 cm2, at active areas below this, the record is 22.1%) and
22.9%, respectively [2]. Thin-ﬁlm PV is designed using
materials that have very high absorption coeﬃcients. This
enables the devices to have absorber layer thicknesses of
the order of ~10μm and below, a considerable material
saving over the 100–500μm thick active layers in ﬁrst-
generation PV [4]. Third-generation PV (3GPV) covers a
broad area of diﬀerent technologies. 3GPV primarily focuses
on overcoming the Shockley-Queisser limit through the
application of one or more methods such as hot-carrier
absorption, photon management techniques, multiple p-n
junctions, and concentration [5–8]. Despite this, many novel
new material types are also classed as 3GPV. This includes
dye-sensitised (DSC), organic (OPV), and perovskite-based
devices [9–11]. These new technologies oﬀer the potential
for even lower production costs and have applications to a
range of niche markets otherwise inaccessible to classic mod-
ule design. Of these, perovskites have the highest recorded
eﬃciency of 20.9% to date (standard active area, 22.7% on
smaller) [2, 12]. One advantage of these new technologies is
the ability to be deposited on polymer substrates. This is par-
ticularly the case for OPV, something that not only provides
a reduction in cost, but allows devices to be ﬂexible [13].
The engineering of structures at the micro- and nano-
scale to increase the photon collection of PV cells is well
established. These have found particular application to
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thinner absorber materials where maximising the absorption
over a small optical path length is key to increasing perfor-
mance. The structures range from the texturing of surfaces
to reduce reﬂection (e.g., through the generation of black sil-
icon and similar structures or through the creation of both
ordered and randomly generated structures designed to cre-
ate a high degree of light scattering (also known as haze) or
induce light trapping) [14–16]. Another route used to
increase photon capture is the application of plasmonic
layers [17]. The methods used to create these types of sur-
faces revolve around either the growth of structures on top
of a PV layer (e.g., through PVD- or CBD-based methods)
or through the removal of material to create the structures
(i.e., etching) [18, 19]. In nearly all cases, additional and nor-
mally highly toxic chemicals are needed as reaction precur-
sors, or as part of an etching process. Laser processing, by
contrast, is normally free of the use of toxic material beyond
the use of common solvents for cleaning [20]. Lasers have
been used in many ﬁelds. These range from a machining tool
in cutting and welding applications [21] to the engineering of
surfaces in biomedical or orthopaedic applications [22, 23],
as well as microﬂuidics and as a part of the deposition of thin
ﬁlms [24, 25]. Carbon dioxide (CO2) based lasers are
amongst the most well-used systems today. They are fairly
eﬃcient, low in cost, and highly ﬂexible for use in a range
of applications. CO2 lasers are the highest power continuous
wave systems around and are also q-switchable to yield very
high power densities per pulse [26–28].
Poly(ethylene terephthalate) (PET) is a common polymer
that is used in food packaging, in medical devices, and in PV
as either a substrate or as part of the encapsulation of a mod-
ule [29–32]. It is low in cost, lightweight and has good
mechanical and optical properties [29]. This work presents
the ﬁrst steps towards the development of a chemical-free
(beyond the initial clean) CO2 laser-based process to
engineer a PET layer for the production of light scattering
structures designed to increase the performance of ﬂexible
PV devices at high speeds.
2. Materials and Methods
2.1. Surface Engineering. The CO2 laser system used was a
60W Synrad Firestar system ﬁtted with a galvanometric
scanning head producing a FWHM spot size of 171μm. Each
sample was produced as a series of parallel lines in a 10mm2
area. Three processing parameters have been varied through-
out the set of experiments. These are the laser power, scan-
ning speed, and the line spacing. The parameters were set
according to Table 1, with every possible combination tested,
resulting in a total of 64 samples created. Prior to experimen-
tation, the laser power was measured using a Mahoney laser
power probe. The measured values have been included in
Table 1 next to the percentage power used. The transparent
0.25mm thick a-PET ﬁlm was purchased from Goodfellows
Inc., and prior to laser treatment, samples were brieﬂy
cleaned with isopropyl alcohol wipes to remove surface con-
tamination and minimise additional solvent use. All process-
ing was performed in ambient air.
2.2. Surface Characterisation. Two types of surface character-
isation have been performed: surface proﬁlometry and opti-
cal microscopy. Surfaces have been mapped using a STIL
Micromeasure 2 confocal chromatic imager (CCI). An area
of 1× 1mm was scanned on each sample with a step size of
10μm. Data processing was done using MountainMaps soft-
ware, and all raw data was comparably ﬁltered and processed.
Multiple 3D surface parameters have been calculated and
analysed, namely, Sa (arithmetic mean roughness), Sz (10-
point height), Sku (kurtosis of height distribution), and Ssk
(skewness of height distribution). Optical microscopy was
performed on a Leica DM2700 microscope.
2.3. Optical Measurements. An Ocean Optics QE-Pro series
UV-VIS spectrometer has been used to measure the optical
properties of the laser-processed PET samples. All samples,
including an unprocessed as-received (AR) sample, were
measured using an integrating sphere. Two reference mea-
surements have been taken: T1, the equivalent to 100% trans-
mission, and T3, identical to T1 with the exit port of the
integrating sphere open to allow the direct beam of light to
pass through the sphere so only stray light from the natural
bloom of the beam is detected. For each sample, two further
measurements have been taken. These are T2, the equivalent
to T1 but with the sample in place, and T4, the equivalent to
T3 with the sample in place. Equation 1 can then be used to
calculate the total transmission (TT) of each sample, equation
2 can be used to calculate the diﬀuse transmission (Td), and
equation 3 can be used to calculate the total haze (TH).
TT =
T2
T1
, 1
Td =
T4 − T3 T2/T1
T1
, 2
TH =
Td
TT
3
3. Results and Discussion
3.1. Surface Analysis. Analysis of the surfaces produced
shows a range of diﬀerent structures produced on the PET
samples. Interestingly, two of the samples, both processed
at 20% power and 100mm/s scanning speed whilst having
spacings of 300 and 400μm, respectively, caused the samples
to melt through, resulting in their destruction due to power
densities greater than the PET being able to withstand.
Table 1: The range of setting sued for laser engineering structures
onto the PET surface. Every combination was tested, resulting in
64 total sample types.
Laser power (%) Scanning speed (mm/s) Line spacing (μm)
5 (3.75W) 100 300
10 (6.33W) 200 400
15 (11.25W) 300 500
20 (14.67W) 400 600
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Optical microscopy of the samples demonstrates in detail the
structure of the surfaces. Figure 1 displays a series of samples
with increasing spacing from 300 to 600μm. In each image,
the power and scanning speed are constant. As would be
expected, the wider the spacing, the greater the area of AR-
like material. Some bubbling is visible in the samples, caused
by air becoming trapped in molten PET as it cools rapidly fol-
lowing laser processing. From the CCI surface maps, it can be
observed that the sample with the smallest spacing has a
smaller z range than the wider-spaced samples. This has been
caused by heat transfer within the sample from successive
line scans that are in close enough proximity to aﬀect the pre-
vious scan. Here, the eﬀect is to reduce the eﬀective depth of
the process by remelted PET partly ﬁlling any trenches previ-
ously engraved in the surface. The FWHM of the laser yields
a spot size of 171μm, which is the equivalent of a 1/e2 spot
size of 290μm. As polymers do not resist heat particularly
eﬀectively, it can be seen that the proposed remelting eﬀect
is likely occurring due to spot size and spacing (for the smal-
lest spacing) being similar in scale. Once the spacing reaches
a suﬃciently wide level, this eﬀect reduces and disappears. By
analysing the surface roughness data further, support for this
is found. By averaging the Sa, Sz, Ssk , and Sku for all the sam-
ples with the same spacing, we ﬁnd that the average rough-
ness (Sa) increases as spacing increases. The 300μm spacing
displays an average roughness of ~10.8μm which increases
to 12.8μm by 600μm spacing. 400 and 500μm spacing sam-
ples have comparable values. Sa alone is a comparatively
useless value, however, as samples with a large z range and
a small z range can have a similar average roughness despite
vastly diﬀerent surfaces. Comparing Sa with Sz provides a
better demonstration of the scale of the surface roughness.
Sz gives a measure of the scale of surface roughness, i.e., from
the lowest valleys to the highest peaks. The same trend is
observed, showing that not only does the average roughness
of the samples increase so but also does the scale of the
roughness. There is approximately a 100μm increase in sur-
face roughness from 300 to 600μm spacing. Other key
parameters, Ssk and Sku, also provide useful information
about the roughness features on the surface. Ssk is the skew-
ness of the surface and relates to the relative dominance of
peaks or valleys in the surface. Sku is the kurtosis and is an
indication of how high or not the peaks and valleys are. Both
Ssk and Sku are unitless. All the sample spacings demonstrate
a negative skewness, indicating a predominance of valleys.
This would be expected as laser processing is typically an
ablative removal process that generates valleys. There is a
slightly larger average negative skewness value for 300μm
spacing (−1.60), vs. the increasing spacing (−1.51, −1.43,
and −1.33, respectively). Whilst the values are, of course,
close, one explanation could be due to increasing spacing
resulting in a relative decrease in the volume of processed
area—reducing the relative amount of valleys. Sku values
demonstrate an increase in the lowest level of kurtosis—-
meaning the lower level of deep valleys—for the smallest
spacing. This increases from 8.2 to 9.8 and 9.4 for 400 and
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Figure 1: Optical micrographs of 4 laser-processed PET samples with increasing spacing between the parallel laser processing lines. (a)
300μm; (b) 400 μm; (c) 500 μm; (d) 600μm. All samples have been processed at 15% power and a scanning speed of 200mm/s. The insets
are CCI surface maps that have been set to the same z scale, and horizontally the scale bar is equal to 200μm.
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500μm spacings, very similar values, and then 10.2 for the
largest spacing. This would seem to support the idea of a
remelt at lower spacings causing some of the depth of process
to be removed. This also explains the reduced number of
bubbles within the 300μm spaced sample, due to slower
cooling rates (caused by the remelting) allowing more
trapped air to escape the sample.
Figure 2 shows optical micrographs illustrating the
impact of scanning speed on the surface of PET. Scanning
speed ranges from 100 to 400mm/s. All other parameters
have been held constant. Interestingly, at faster scanning
speeds there appears to be an increase in air bubbles trapped
within the polymer. The likely explanation for this is that due
to the faster scanning speeds resulting in less laser power per
second striking an area of the surface, that whilst providing
suﬃcient energy to process the PET, the temperature the
PET reaches will likely be lower. This would result in an
increase in the speed any molten polymer cools at, reducing
the likelihood of any trapped air escaping. From the CCI
images, it can be observed that the z scale of the surfaces
decreases with increasing speed. Again, this relates to the
laser power per second striking a surface. The longer the laser
beam interacts with a spot on the surface, the greater the level
of melting and ablation that occurs. Indeed, it can also be
seen on the optical micrographs that the laser tracks appear
to be signiﬁcantly deeper at 100mm/s than at 400mm/s
where there is comparatively little surface processing. Analy-
sis of the roughness data supports this. Whilst the average
roughness shows no particular trend, the Sz of 100mm/s is
the largest (252μm), with 300 and 400mm/s showing the
lowest values (165 and 192μm). Ssk shows negative values
for all samples, with the greater negative skewness, indicating
a higher proportion of valleys, at the slowest scanning speeds.
Again, the Sku supports the theory of slower speeds yielding
deeper valleys, with the average Sku of 100mm/s samples
being over 12, whilst for all other speeds it is less than 10.
Figure 3 contains optical micrographs displaying the
impact of laser processing power on PET surfaces. Laser
powers range from 5 to 20%; all other parameters have been
held constant. At a laser power of 5%, very little impact has
been observed on the surface, whereas at higher powers
tracks are visible. Bubbling is observed signiﬁcantly at 10%
power, a small amount at 15% power, and not at all at 20%.
This relates to the aforementioned higher power per sec-
ond causing hotter melted PET resulting in a longer cool-
ing time allowing air pockets time to escape. There is no
signiﬁcant bubbling at 5% power due to the limited laser
material interaction taking place. As demonstrated in the
CCI maps, the width and depth of engraving increase sig-
niﬁcantly with laser power. The average of the mean and
scale of the surface roughness is at its lowest for 5% power
(Sa = 9 5μm, Sz = 132μm), compared to the other samples
which all exhibit Sa values > 10 7μm, and Sz values > 210
μm. The average skewness and kurtosis of the 5% power
processed samples are also signiﬁcantly lower, indicating
fewer and smaller valleys being created in the PET surface
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Figure 2: Optical micrographs of 4 laser-processed PET samples with increasing scanning speed between the parallel laser processing lines.
(a) 100mm/s; (b) 200mm/s; (c) 300mm/s; (d) 400mm/s. All samples have been processed at 15% power and at 400μm spacing. The insets
are CCI surface maps that have been set to the same z scale, and horizontally the scale bar is equal to 200μm.
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of the 5% sample which are −0.77 and 6.0, respectively. The
other powers all exhibit an Ssk of <−1.45 and Sku of >10.0.
The caveat with all of these averaged roughness values is that
each parameter has its own individual eﬀect, which can con-
found other results. Despite this, there are visible trends and
observations from this data that make sound logical sense
when considering how an infrared laser interacts with PET.
3.2. Optical Properties.After characterising the surfaces of the
samples, the optical properties have been measured. Consid-
ering the location of the PET layer in the PV cell, as either a
substrate or part of the encapsulation system, and therefore
incident to the incoming light, the two most important prop-
erties are the transmissivity, i.e., how much of the incoming
light will pass through to the device, and the haze, i.e., how
much the light is scattered. PET has a refractive index of
~1.57, which yields an approximate reﬂection loss of around
4–5% per surface interface. For analysis of the optical data, a
wavelength range between 400 and 750nm has been selected,
although longer was measured. This range coincides with the
majority of photon energy available to all PV active materials
for absorption not only for the most common semiconductor
materials, i.e., silicon, CdTe, and CIGS, but also and more
importantly for the target PV materials for this light scatter-
ing technology, OPV and perovskites which often do not
absorb towards the near-infrared [2]. Laser processing the
samples appears to have a small impact on the transmissivity
of the PET when compared to the AR sample. Figure 4(a) dis-
plays the average transmission of samples as a function of
laser parameter, whereas Figure 4(b) displays example trans-
mission spectra of the AR PET sample and compares it to the
sample that produced the highest haze value. In Figure 4(a),
the values for each run with a particular setting have been
averaged, in order to view the eﬀect that a particular param-
eter shows. Many of the settings show a slight increase in
transmission, ~1–2%. This could be because of two primary
reasons. The ﬁrst is that due to material removal due to the
laser-material interaction. Less material will cause a slight
reduction in absorption. However, due to the very low
absorption that occurs within PET at these wavelengths, this
would appear to have minimal impact. Another possibility is
that the surface structures are acting in some way to partially
trap light. The textured surface is nonﬂat, which allows for an
increase in total internal reﬂection due to the change in angle
of incidence relative to the surface. Another possibility is a
pseudolensing eﬀect caused by the regular ray of structures
that have been created that may partially concentrate the
light at a very small scale. Perhaps the most interesting eﬀect
is that of changing laser power on the transmissivity of the
PET ﬁlm. The lowest laser power demonstrates an average
transmission value equivalent to that of the unprocessed
PET, whereas the higher powers all display a slight increase
to transmission. This would imply that at the lowest power,
any structures created on the surface are comparatively small
and having a minimal eﬀect on the incident light.
Figure 5 shows the average haze of laser-processed PET
ﬁlms, again averaged between the wavelength range of 400–
750 nm. The laser processing has generated impressive levels
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Figure 3: Optical micrographs of 4 laser-processed PET samples with increasing laser power. (a) 5%; (b) 10%; (c) 15%; (d) 20%. All samples
have been processed at a scanning speed of 200mm/s and at 400 μm spacing. The insets are CCI surface maps that have been set to the same z
scale, and horizontally the scale bar is equal to 200μm.
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of haze in the PET ﬁlm. The AR PET has a very low level of
native haze, ~3%, whereas the laser-engineered surfaces, in
some cases, exhibit average haze levels in excess of 50%. Eval-
uating the light scattering properties of the laser-textured
ﬁlms also suggests that the power of the beam is the most
important property for generating high haze surfaces. As
the laser power increases, there appears to be a clear trend
towards increased average haze. A deeper analysis is
required, however, as laser parameters often have a similar
eﬀect. In particular (and as discussed previously), the scan-
ning speed also heavily aﬀects the power density per unit
time of a laser, with a slower scanning speed resulting in a
greater eﬀective power density hitting a single spot. This is
also visible to an extent in the haze levels produced.
Figure 6 shows the average haze of the PET ﬁlms as a
function of the laser scanning speed. It has previously been
observed in this paper that the slower the scanning speed,
the greater the feature, and thus the greater the scattering;
however, this can confound the eﬀect of the laser power on
the haze. At the slowest scanning speed, 100mm/s, the aver-
age haze of the lowest power, 5%, is at its highest. The haze
levels of the other three powers are very comparable at this
speed, suggesting possibly the upper limit in the amount of
haze creatable in these ﬁlms by this method. As the scanning
speed increases, the haze at a power of 5% decreases dramat-
ically from >20% to <10%. Laser powers of 10% and 15%
show their highest total haze values at the slowest scanning
speed, with decreasing average haze as speed increases. How-
ever, at the highest power the levels of Haze remain quite
constant. The line spacing of the samples appears to have
limited eﬀect on the haze of the sample once the spacing is
suﬃcient to limit the eﬀect of subsequent process lines on
prior ones. The highest haze value obtained in this work is
0
20
40
60
H
az
e (
%
)
10
0 
m
m
/s
20
0 
m
m
/s
30
0 
m
m
/s
40
0 
m
m
/s
30
0 
휇
m
40
0 
휇
m
50
0 
휇
m
60
0 
휇
m 5% 10
%
15
%
20
%A
R
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laser parameters tested and the unprocessed AR sample. The error
bars show the standard error of the mean.
90
92
94
96
98
Tr
an
sm
iss
io
n 
(%
)
10
0 
m
m
/s
20
0 
m
m
/s
30
0 
m
m
/s
40
0 
m
m
/s
30
0 
휇
m
40
0 
휇
m
50
0 
휇
m
60
0 
휇
m 5% 10
%
15
%
20
%A
R
(a)
AR
Processed
50
60
70
80
80
90
100
Tr
an
sm
iss
io
n 
(%
)
450 500 550 600 650 700 750400
휆 (nm)
(b)
Figure 4: (a) The averaged transmission values from 400 to 750 nm for each of the laser parameters tested and the unprocessed AR sample.
The error bars show the standard error of the mean. (b) A comparison between the transmission spectra of the as-received PET sample and
those of the sample that produced the highest haze.
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Figure 6: The averaged haze from 400 to 750 nm as a function of the
scanning speed. The colours relate to the results separated by
processing speed: green: 100mm/s, black: 200mm/s, yellow:
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from a sample with 100mm/s scanning speed, 400μm spac-
ing and a power of 15% (the equivalent sample with 20%
power was one of the two that destroyed the sample).
Another interesting observation is that of the highly
directional scattering of light by the high haze structures.
Figure 7 displays photographs showing unscattered light
compared with the presence of a structured PET ﬁlm. Instead
of a wider circle of light leaving the integrating sphere, which
would indicate uniform scattering in both the x and y direc-
tions, the light is scattered perpendicular to the directions
of the laser marks. This is intriguing and gives the potential
for combinations of diﬀerentially orientated structures to
maximise light scattering eﬀects. The haze measurements
for all the samples can also be observed in Figure 7, demon-
strating the range of Haze values created by varying only
three parameters. It should be noted that there is no consis-
tent trend between the roughness values and the overall
Haze. This would suggest that the light scattering is depen-
dent on the production of features and patterning rather than
microroughness alone.
3.3. Potential for Enhancing Photovoltaics and the
Advantages of Laser Processing. Laser-structured PET clearly
has the ability to improve the eﬃciency of solar cells by
utilising light scattering mechanisms. The increased haze is
comparable to many high haze ﬁlms that have been demon-
strated to increase some cell eﬃciencies by over 10% [33–36].
The advantages in the process described in this paper have
already been discussed somewhat in the introduction; how-
ever, they bear repeating when combined with the discoveries
within this work. The laser process is, most importantly for
any industrial process, very fast. Films demonstrating up to
50% haze have been generated at scanning speeds of
400mm/s using laser powers that are very low considering
that CO2 lasers in the kW levels of power output are com-
monly available. This leads to the chance of signiﬁcantly fas-
ter processing speeds to counteract the possible power
increases and certainly at levels suﬃcient to be incorporated
as part of any batch or roll-to-roll process. This is particularly
important as roll-to-roll production is one of the key selling
points of OPV [13]. Perhaps equally important to the
processing speed is the lack of complexity. There are many
excellent publications demonstrating surface texturing (often
at the sub 10-micron scale) of surfaces for a similar end goal
[19, 37–40]. Many processes used for this can be time-
consuming when compared to the laser process and are
certainly more complicated than the “point and shoot”
approach of industrial laser usage. The high levels of scatter-
ing observed here also demonstrate that complex nanostruc-
tures are unnecessary for the production of highly light
scattering surfaces. This process can also be completely
chemical-free, which oﬀers the opportunity for both produc-
tion savings and increased safety with the removal of
potentially toxic chemicals from the production line. By tex-
turing PET, the ability to improve highly novel forms of PV
that use ﬂexible polymer substrates has been demonstrated.
Although a contender for this role, PET is not always the
substrate used for ﬂexible applications. It does, however,
behave comparably to several other transparent polymer
materials when irradiated with a CO2 laser source making
it a useful reference material. Indeed, there is evidence in
the literature of CO2 laser processing and/or machining of
other polymers that are considered of importance as poten-
tial substrates for PV technologies including polyimide and
polydimethylsiloxane [41–45].
Another important factor to consider is the eﬀect the pro-
cess may have on the transparent conducting layers (typically
oxides like indium doped tin oxide, TCOs, or polymer
mixtures like PEDOT:PSS, TCPs) that coat the substrate.
These highly conductive layers act as the front contact of
the PV device and as such are vital to attaining high levels
of cell performance. The morphology of the organic ﬁlms
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Figure 7: (a–d) Photographs showing the directional scattering
caused by the laser-processed PET (b, d) relative to having no
sample (a, c). The sample used for this image has a speed of
400mm/s, a spacing of 400μm, and a power of 20%. The average
haze (400–750 nm) is 43.5%. The graph displays the measured
haze of all 64 samples and demonstrates the range of haze values
created. The dashed line in (e) is the AR sample.
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in an OPV cell has a signiﬁcant eﬀect on cell properties. For
example, thicker ﬁlms, whilst naturally absorbing a greater
portion of the incident light, may lead to increased series
resistance within the cell, and voids or other defects can
increase the likelihood of short circuits leading to a reduction
in the shunt resistance (both eﬀects resulting in a reduced cell
ﬁll factor) [46–48]. A potential issue could be adverse heat
transfer from the PET substrate to the TCO/TCP layer,
caused by the laser process, distorting the layer and causing
an increase in defects where the organic layer meets the front
contact. Whilst this does have the potential to cause prob-
lems, these should be minor for two key reasons. Firstly, the
processing takes place on the external facing side of the
PET substrate and only the more extreme end of the process-
ing conditions tested within this work also aﬀects the internal
side (see relative feature size on the inset surfaces on
Figures 1–3). Secondly, the conductive coating can be applied
after the PET has been laser processed. This would allow for
an even TCO/TCP layer to be applied, reducing the likeli-
hood of introducing microshorts. There is also the possibility
of gaining a potentially advantageous texturing to the TCO/
TCP layer through a templating eﬀect, as it has been demon-
strated in the past that texturing of or adding scattering
centres into these layers can result in enhanced photon
capture and/or superior junction formation, albeit primar-
ily on glass substrates [46–49]. In order to adequately test
this, further studies into processing precoated substrates
and on coating pretextured substrates are required.
4. Conclusions
This paper has demonstrated a high-speed, simple, and
chemical-free method for the production of highly light
scattering surfaces for use in ﬂexible PV applications. The
parameters of laser power and scanning speed have the larg-
est eﬀect on the level of haze a textured surface produces. It
has been observed that at higher powers and slower scan-
ning speeds, there is signiﬁcantly reduced trapping of air
pockets, which is likely due to slower cooling allowing more
time for air to escape. Films exhibit an increase in valleys,
demonstrated by negative Ssk values, which can be consid-
ered as very large roughness features due to the high Sku.
Sa and Sz values demonstrate that when spacing gets to levels
close to those of the spot size, heat transfer/remelting occurs
which results in smaller feature sizes. The roughness values
do not directly relate to the scattering of light, indicating that
the light scattering is more dependent on feature size than
explicit microroughness. The light scattering occurs in a
direction perpendicular to the direction of the processed
laser lines, allowing for the potential for directional applica-
tions or novel multidirectional structures. Finally, a brief dis-
cussion of how this process may result in improved PV cells
has been included discussing both the advantages and some
potential issues that may be caused and how they may be
overcome. The sample that produced the highest measured
haze between 400 and 750 nm had a scanning speed of
100mm/s, a spacing of 400μm, and a laser power of 15%.
The next step in realising this technological approach to
enhanced PV devices requires extensive modelling of the
light scattering and testing on functional PV devices.
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